Purpose The purpose of this study is to examine the spectrum of infertility diagnoses and assisted reproductive technology (ART) treatments in relation to risk of preterm birth (PTB) in singletons. Methods Population-based assisted reproductive technology surveillance data for 2000-2010 were linked with birth certificates from three states: Florida, Massachusetts, and Michigan, resulting in a sample of 4,370,361 non-ART and 28,430 ART-related singletons. Logistic regression models with robust variance estimators were used to compare PTB risk among singletons conceived with and without ART, the former grouped by parental infertility diagnoses and treatment modalities. Demographic and pregnancy factors were included in adjusted analyses. Results ART was associated with increased PTB risk across all infertility diagnosis groups and treatment types: for conventional ART, adjusted relative risks ranged from 1.4 (95% CI 1.0, 1.9) for male infertility to 2.4 (95% CI 1.8, 3.3) for tubal ligation. Adding intra-cytoplasmic sperm injection and/or assisted hatching to conventional ART treatment did not alter associated PTB risks. Singletons conceived by mothers without infertility diagnosis and with donor semen had an increased PTB risk relative to non-ART singletons. Conclusions PTB risk among ART singletons is increased within each treatment type and all underlying infertility diagnosis, including male infertility. Preterm birth in ART singletons may be attributed to parental infertility, ART treatments, or their combination.
Introduction
Assisted reproductive technology (ART), a group of infertility treatments, involves the retrieval of gametes and their handling in the laboratory to achieve fertilization outside or inside the body. To maximize pregnancy rate, conventional ART treatment is often integrated with additional techniques, e.g., the use of donor gametes/embryos, transfer of frozen embryos, intra-cytoplasmic sperm injection (ICSI, insertion of a single sperm into an oocyte), and assisted hatching (AH, creation of a hole in the embryo's zona pellucida to promote embryonic implantation). The modality of ART regimen utilized depends on the couples' characteristics, infertility diagnosis, treatment history, and financial factors.
Studies have consistently detected an increased risk of shorter gestation and smaller newborn size among ART singletons compared with non-ART singletons [1] [2] [3] . Explanations for these findings are subject to debate. It is unclear if the increased risk is present irrespective of the ART techniques employed. Additionally, there is the challenge of disentangling excess ART-associated risk and excess risk due to underlying causes of infertility. Studies attempting to separate the ART treatment effect from the infertility effect have found modest increases in risks of preterm birth (PTB) and small newborn size among singletons born to infertile couples who eventually conceived without ART [4, 5] . While there are reports of PTB among singletons in association with either ART modalities or parental infertility diagnosis [6] [7] [8] [9] [10] , this study considers simultaneously infertility diagnosis, treatment modalities, and gametes/embryos source. Further, we sought to estimate the risk of PTB attributed to ART treatments, in the absence of parental infertility. Therefore, we performed a three-state population-based retrospective cohort study to examine associations among infertility diagnoses, ART treatment modality, gametes/embryos source, and PTB in singletons.
Methods

Study population
The States Monitoring Assisted Reproductive Technology (SMART) collaborative monitors and studies ARTassociated health outcomes within participating states [11] . The SMART collaborative includes the Centers for Disease Control and Prevention (CDC) and the Connecticut, Florida, Massachusetts, and Michigan Public Health agencies. CDC constructed a population-based dataset that linked ART data from the National ART Surveillance System (NASS) with records of all live births occurring in Massachusetts, Florida, and Michigan in 2000-2010 [12] . The probabilistic method successfully linked NASS and birth records with high linkage rate (87.8%) and good sensitivity (96.4) [11, 12] . We restricted this dataset to women aged 15-60 with singleton births between 22 and 44 weeks' gestation; this represents a viable live birth range, and excludes the plurality effect on adverse birth outcomes. To control for differential birth outcomes among singletons from cryopreserved vs. fresh ART cycles, we excluded ART singletons born from cryopreserved embryos transfer.
ART and infertility
Three Bexposure^variables were evaluated in relation to preterm birth: (1) infertility diagnosis, including one single infertility diagnosis (male infertility, unexplained infertility, endometriosis, diminished ovarian reserve, tubal disease, tubal ligation, ovulation disorders, uterine factor, or other infertility factor [immunologic, chromosomal, cancer chemotherapy, or other systemic disease]), or multiple diagnoses, i.e., any combination of those listed above; (2) treatment type, including ART/conventional, ART/ICSI, ART/AH, and ART/ICSI/ AH);(3) gamete source, i.e., donor oocyte/embryo and donor semen.
Preterm birth
Data on gestational age at delivery are from birth certificates. Preterm birth (PTB) was defined as delivery before 37 completed weeks' gestation, based on clinical estimate. This study obtained approval from the Institutional Review Boards of the Public Health agencies of participating states and the CDC.
Statistical analysis
Descriptive statistics, chi square, and linear regression for complex data were used to compare the maternal and infant characteristics between ART and non-ART groups. We applied statistical methodology for clustered data, e.g., generalized estimating equations (GEE), to account for more than one singleton birth to the same woman.
Associations among infertility diagnoses, ART treatment types, and PTB were examined using regression models with GEE. Risk ratios for PTB were estimated from average marginal predictions in the fitted logistic regression models [13] . We obtained crude and adjusted estimates from models with parity, maternal age, race/ethnicity, education level, state of residence, and delivery year as covariates. PTB was modeled as a binary outcome (yes/no).
The initial set of analyses compared PTB risk between non-ART and all ART singletons conceived with fresh embryos and grouped by couples' infertility diagnoses and treatment modalities (conventional, ICSI, AH, and combined ICSI/AH). We repeated this analysis separating donor and non-donor embryos/oocytes. Our reference group for these analyses was non-ART singletons. Finally, in an effort to separate ART treatment effects from infertility effects, we focused on a specific ART group, i.e., women without an infertility diagnosis who conceived by use of partner or donor semen. In this last set of analyses, the referent group was ART singletons conceived by couples with male infertility using autologous semen; this allowed us to assess whether semen source, donor versus partner, influences PTB risk in ART singletons. SUDAAN 11 (RTI) statistical software was used throughout the analyses to generate logistic and linear regression models.
Sensitivity analyses
To examine whether the extremes of maternal age influenced our results [14] , we restricted the analyses to singletons born to women aged 21-44. ART therapy often involves the transfer of multiple embryos and first trimester loss of a co-twin has been linked to adverse birth outcomes among ART singletons [15, 16] . Therefore, in a second sensitivity analysis, we investigated the impact of early fetal loss on the surviving singleton by excluding all singleton births with a co-twin observed by an ultrasound at 6 weeks' gestation.
Results
Our sample included 4,370,361 non-ART and 28,430 ARTassociated singletons (Fig. 1) . ART mothers of singletons were more likely to be non-Hispanic white, older, primipara, and to have attained a higher education level relative to non-ART mothers. Compared with non-ART singletons, a significantly higher percentage of ART singletons were born preterm (Table 1) .
In this sample of ART singletons conceived from fresh embryos, the adjusted relative risk (aRR) of PTB was significantly increased for ART infants in most infertility subgroups and treatment types, compared with non-ART infants (Table 2 ). In the conventional ART group, an increased aRR for PTB was observed for all infertility diagnoses, with a range of 1.4 for male infertility to 2.4 for tubal ligation infertility. Within ART singletons, a significantly increased PTB risk was observed among those born to couples with tubal ligation compared with singletons of couples with endometriosis or male infertility. ART/ICSI, ART/AH, or ART with combined ICSI/AH were associated with more than twofold increase in PTB risk among singletons born to mothers with uterine factor infertility compared with non-ART singletons. Nonetheless, almost all treatment-diagnosis combinations were associated with increased risk of PTB in ART vs. non-ART singletons.
Of the 28,430 ART singletons, 25,472 were conceived from autologous embryos/oocytes and 2958 from donor oocytes/embryos. After removing donor oocytes/embryos singletons, we observed that the PTB risk pattern in the remaining autologous embryos/oocytes singletons grouped by infertility diagnoses and ART treatments groups was similar to that of all ART singletons (data not shown). Due to small numbers, we could not adequately evaluate the donor oocytes/embryos singletons separately. The one exception was the group with diminished ovarian reserve; the risk of PTB among ART singletons conceived with donor oocyte/embryo by mothers with diminished ovarian diagnosis was significantly increased compared with non-ART singletons [OR = 1.9, 95% CI (1.5,
2.3)].
A separate analysis assessed ART singletons conceived by subfertile couples with male infertility but without female infertility diagnosis. This group had a 40% increased PTB risk, regardless of semen source (partner, donor), compared with non-ART singletons (Table 3) .
Sensitivity analyses
The above results were essentially unchanged when maternal age was restricted to 21-44, or when singleton births that started as multi-fetal pregnancies were excluded.
Discussion
In this large, population-based dataset of live births, ART singletons grouped by both parental infertility diagnoses and ART treatment modalities had an increased risk of PTB compared with non-ART singletons. Increased PTB risk persisted after removing singletons with donor oocyte/embryo. Singletons born to couples with male infertility, but without female infertility diagnosis, also had an increased PTB risk, regardless of semen source (autologous or donor). The latter finding suggests the contribution of ART treatments to PTB A limited number of studies have investigated whether the heterogeneity of infertility diagnoses and treatments among ART populations is associated with the risk of poorer birth outcomes. One study observed a significantly increased number of PTB deliveries, above the expected, among ART singletons born to women with tubal factor infertility [17] . ART singletons born to couples with female infertility in general [18] , or tubal factor infertility in particular [7] , had an increased PTB risk compared with those born to couples with male infertility. Among all ART births, singletons and multiples, an increased PTB risk was associated with male factor, ovulation disorders, tubal inflammation, but not with endometriosis [9] . Only one study investigated PTB risk among singletons conceived with different ART treatment types (fresh, frozen, ICSI), but parental infertility diagnosis was not accounted for [18] .
This study considered birth outcomes across infertility groups exposed to different ART techniques. Conventional ART cycles are often combined with ICSI, AH techniques, or both to improve the likelihood of success. In previous studies, ART/ICSI treatments were found to be associated with higher PTB rates and smaller newborn size compared with non-ART group [19] [20] [21] [22] . However, these studies were not able to control for confounders such as cycle type (autologous/donor or fresh/frozen) and infertility diagnosis. One study investigated the added PTB risk of ICSI relative to the conventional ART among singletons and reported a protective effect for ICSI, but since ART therapies with fresh or frozen embryos were not assessed separately, the protective effect may have been driven by frozen cycles [22] . Our study is unique in its modeling of conventional ART therapy, ICSI, AH, and their combination among fresh/autologous cycles, to examine PTB risk across parental infertility diagnoses.
ART with donor gametes is the recommended treatment for patients with poor ovarian reserve, poor oocyte quality, and/or severe male infertility [23] . Previous reports hypothesized that oocyte donation induces immunological responses that may play a role in higher rates of hypertensive disorders and . Perhaps due to its small sample size, this study did not further classify treatments as fresh or frozen embryo ART cycles. In our population-based study, we restricted the sample to fresh embryos and grouped ART cycles by technique type and oocytes/embryos source. The multivariate models controlled for several maternal and pregnancy characteristics. Our results suggest that ART singletons conceived with autologous or donor embryos/oocytes had increased PTB risk compared with non-ART singletons. However, in the donor stratum, small cell sizes in some treatment-diagnosis combinations resulted in insufficient power to estimate PTB risk among ART relative to non-ART singletons.
There is limited evidence of donor male gametes' effects on PTB risk. A recent study did not detect significantly increased risks for PTB or small newborn size among singletons born following an intrauterine insemination (IUI) using donor compared with partner semen [28] . However, compared with ART singletons, IUI-conceived singletons had a lower PTB risk [28] . Within ART populations, similar crude risks of LBW or PTB were found among infants conceived with donor compared with partner sperm [29] .
We were interested in sperm source for two reasons: (1) to assess associations with PTB and (2) to potentially separate an infertility effect from an ART effect. Our comparison included the non-ART group and the ART group diagnosed with male but not female infertility. By specifically examining ART cycles that use donor sperm in women with no reported infertility diagnoses, we reasoned that we have removed any excess PTB risk associated with female infertility and what remains is the PTB risk associated with this particular ART technology. Our results suggested that among ART users, semen source did not change the risk of PTB. Most important, we found that in the absence of parental infertility ART singletons conceived with gametes of fertile individuals had an increased risk for PTB compared with non-ART singletons; this suggests that when not confounded by underlying infertility, the ART treatment still confers excess PTB risk. Our results remained robust to sensitivity analyses that investigated the influence of younger and older maternal age, or co-twin early loss on the risk of PTB. By restricting the analytic sample to mothers' age 21-44, we obtained comparable maternal age distributions in the ART and non-ART groups. Further, we controlled for the impact of extremes of maternal age on the risk of preterm birth [30] . Similarly, exclusion of singleton births that originated from multi-fetal pregnancies removed morbidity associated with early loss of a co-twin that might impact comparisons between ART and non-ART subgroups [16] .
The use of a large population-level ART surveillance data is a major strength of this study. This comprehensive dataset represents more than 97% of US-based ART cycles. Only few small clinics did not submit their data to NASS [31] . The large sample size and detailed ART treatment information provided sufficient power to examine PTB risk among subgroups of infertility diagnosis and treatment types, and to control for confounding related to ART treatment type by restricting our sample to fresh ART cycles.
This study also had limitations worth noting. We evaluated overall risk of PTB and did not have information to distinguish or separately assess spontaneous and medically indicated PTB. Data on previous PTB were also unavailable for the study period. We could not ascertain subfertility in the non-ART population, non-ART treatments, such as intra-uterine insemination, oral or injectable medications, or ART treatment pursued by this group out of state. Thus our effect sizes may be slightly biased, most likely attenuated. Finally, although the probabilistic linkage method for matching ART recipients to birth certificates achieved a high linkage rate (87.8%) and good validity, it is not error free [12] .
Conclusions
These data indicate a significantly increased risk of PTB among ART singletons across most parental infertility diagnoses and treatment modalities. Our findings support the hypothesis that infertility may explain some of the ART association with PTB. We also found that, among ART singletons, even autologous oocytes/embryos had an increased PTB risk compared with non-ART singletons. Finally, the increased PTB risk among ART singletons from women with no infertility diagnosis and cycles using donor sperm suggests an ART PTB risk that cannot be explained by parental infertility alone.
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